During growth on a glucose-tryptone medium, Bacillus subtilis 6051 (Marburg strain) exhibited three phases of isoprene (2-methyl-1,3-butadiene) formation, corresponding to (i) glucose catabolism and secretion of acetoin, (ii) catabolism of acetoin, and (iii) the early stages of sporulation. These results establish an experimental system for studying the biological role of isoprene formation.
Isoprene (2-methyl-1,3-butadiene) is a volatile hydrocarbon produced by a diverse group of organisms including bacteria, marine algae, animals, and a wide variety of plants (12, 13, 16, 23) , sometimes in relatively large amounts. For example, global isoprene emission from green plants is estimated to be about 500 million tons per year (10) , an amount which is comparable to global methane emissions of about 510 million tons per year (7) . Surprisingly little is known about the biochemical rationale for isoprene production in any biological system (4, 14, 21) .
Our discovery of isoprene formation in bacteria (12) has created the possibility of studying isoprene biosynthesis at the physiological, biochemical, and genetic levels in prokaryotic systems. A wide variety of bacterial species have been shown to produce isoprene, including both gram-positive and gram-negative strains (12, 23) . Bacillus species were shown to be the most active isoprene producers on a variety of growth media (12) . Here, we describe a more detailed exploration of Bacillus subtilis 6051 as an experimental system for studying isoprene biosynthesis and show that this wild-type strain exhibits a unique pattern of isoprene production during cellular growth and sporulation.
B. subtilis isoprene formation during aerobic growth. With a stirred fermentor in which a variety of growth conditions (pH, aeration, and temperature) could be closely monitored and controlled, the production of isoprene was measured over the complete life cycle of B. subtilis. Wild-type B. subtilis 6051 (Marburg strain) was obtained from the American Type Culture Collection (Manassas, Va.) and maintained on AB3 plates (17.5 g of antibiotic medium 3 and 15 g of agar per liter; Difco). Each fermentor experiment consisted of growing a bacterial culture in 1 liter of F medium, a glucose-tryptone-salts medium (see legend to Fig. 1) , with a BioFlo 2000 fermentation system (New Brunswick Scientific). Besides monitoring the pH and dissolved oxygen of the culture, we also measured the cell growth (optical density at 600 nm [OD 600 ]), spore formation, isoprene production, and various extracellular metabolites in an attempt to determine how growth and differentiation affect isoprene formation. Heat-resistant spores were measured in aliquots removed from the fermentor and heated at 80°C for 20 min. Dilutions of these samples in sterile water were then plated on NB plates (8 g of nutrient broth and 15 g of agar per liter; Difco), and single colonies were counted following overnight incubation at 37°C. Isoprene in the exit gas from the fermentor was analyzed with a gas chromatography (GC) system which is highly sensitive to isoprene (8, 12) . Isoprene production rates (nanomoles per liter of oxygen) were calculated by converting GC area units to nanomoles of isoprene via a standard isoprene concentration calibration curve. Glucose was measured in cell culture extracts with an assay kit (glucose oxidase-peroxidase; Sigma Chemical). Acetoin production was analyzed by high-performance liquid chromatography (HPLC) analysis of cell culture extracts which had been derivatized with 2,4-dinitrophenylhydrazine, as described in detail elsewhere (22) .
For these experiments, the inoculum was a 100-ml preculture grown for 22 to 24 h in F medium in a 37°C shaker. This large inoculum volume resulted in an initial OD 600 value of approximately 0.4 for the 1-liter culture, the carryover of a small amount of spores (i.e., less than 0.01% heat-resistant spores as a fraction of total viable cells), and kept the subsequent elapsed time of a fermentor run as low as possible. Inoculation with a mid-exponential-phase culture significantly increased the lag at the beginning of the fermentor run but did not change the isoprene profile once cells began to grow.
Wild-type B. subtilis 6051 (Marburg strain) exhibited a unique isoprene production profile consisting of three distinct phases ( Fig. 1) . Isoprene was formed as soon as the cells began to grow, and during this first isoprene production phase, glucose was catabolized, the pH of the medium decreased, and the cells released large amounts of acetoin (3-hydroxy-2-butanone). Phase 1 isoprene production peaked at about the time that acetoin release began and then declined to a minimum coincident with exhaustion of glucose and a maximum in acetoin levels in the medium. Phase 2 isoprene production occurred during acetoin catabolism (Fig. 1B) as the pH increased (Fig. 1A) , peaked when about half of the acetoin remained, and ended with depletion of acetoin in the medium (Fig. 1B) . This decrease in isoprene release was similar to the trend in which phase 1 isoprene reached a minimum when glucose was exhausted. The third phase of isoprene production occurred when cell growth ceased, the pH of the medium had increased again, and the OD 600 began to decrease as a result of spore formation; peak isoprene formation in phase 3 occurred immediately prior to the release of spores (Fig. 1) .
The three phases of isoprene formation by strain 6051 in F medium were reproducible and were seen in numerous experiments. When we measured cellular growth and total isoprene production for each phase (isoprene release in the exit gas of the fermentor was integrated), we found that isoprene production and overall growth during individual phases differed by no more than 15% for cultures grown under identical conditions. When B. subtilis 6051 was grown on the standard F medium containing 1% glucose and 2% tryptone, the total isoprene formation during all three phases was approximately 9 mol. While this represents only a very small fraction of glucose carbon provided in the medium (50 mmol), the high sensitivity of the GC system allowed us to accurately measure and easily detect changes in isoprene production levels.
B. subtilis phase 1 isoprene production. In an attempt to link phase 1 isoprene production directly to glucose catabolism, strain 6051 was grown in F medium containing various glucose concentrations while keeping the tryptone concentration constant at 2% (wt/vol). The total phase 1 isoprene production and cellular growth in each experiment were found to be directly proportional to the amount of glucose provided in the medium ( Fig. 2A) . This evidence is consistent with our observation that B. subtilis 6051 phase 1 isoprene becomes fully 13 C labeled when cells are grown on uniformly labeled [ 13 C]glucose (22) . We also performed experiments in which the tryptone concentration was varied while the glucose concentration was kept constant at 1% (wt/vol). The tryptone level affected the phase 1 isoprene and growth yields only when the tryptone concentration was below 0.4% (Fig. 2B) . In these cases, phase 1 isoprene production likely decreased because the cells had to use some of the glycolytic carbon for amino acid synthesis rather than simply utilizing amino acids from the medium. When minimal glucose medium (F medium with no tryptone) was used, a pronounced growth lag and poor growth occurred under the fermentation conditions described here; isoprene production was undetectable under these conditions.
It has previously been shown that B. subtilis secretes pyruvate, acetoin, acetate, and other metabolites when grown aerobically in glucose-based media; these metabolites can be used for subsequent growth when glucose is exhausted (9, 18) . During the earliest stages of phase 1 growth on glucose, pyruvate accumulated to nearly 3 mM in the medium and then was rapidly assimilated immediately prior to the production of acetoin (data not shown). Acetoin production (Fig. 1B) rose to over 20 mM, as measured by HPLC methods, indicating that a sizable portion of initial glucose (about 50 mM) was converted to acetoin. Glucose represses the expression of acetoin catabolism genes (18) , which explains why acetoin levels continually increased until glucose was exhausted at the end of phase 1.
Phases 2 and 3 of isoprene production. As mentioned above, phase 2 of isoprene formation began as extracellular acetoin levels peaked and then began to decline. Since acetoin is not very volatile, this decline is consistent with cellular catabolism of acetoin. The pH of the medium increased during phase 2 (Fig. 1A) , implying that acids secreted into the medium during phase 1 were also being metabolized (18) . However, the levels of these acids were not measured. Unlike the first two phases of isoprene production, phase 3 of B. subtilis 6051 isoprene production occurred when the cells had stopped growing. The total isoprene production in phase 3 was greater than that in either of the first two isoprene phases, indicating that significant isoprene production can occur even in nongrowing cells. Preliminary experiments suggest that phase 3 isoprene production occurs before the IIii stage of sporulation (22) .
Normalization of isoprene production. In analyzing the B. subtilis 6051 system, we also expressed isoprene production levels on a cellular basis. Isoprene concentrations were normalized to cell density (OD 600 ) as shown in Fig. 3 . The highest normalized isoprene production occurred during the first 2 to 3 h of exponential growth in phase 1 prior to acetoin formation. Normalized isoprene production in phase 2 was significantly lower. Once the cells started to sporulate during phase 3, the OD 600 values gradually declined, and thus normalized isoprene levels are presented only for early phase 3 prior to this decline; at this early stage of spore development, isoprene formation on a cellular basis was similar to that in phase 2. These results suggest that while isoprene release from cells occurs under very different metabolic circumstances, including the initial stages of sporulation, maximal isoprene release per cell occurs in the initial stages of glycolysis. The lowest levels of normalized isoprene production occurred when primary carbon sources were exhausted (i.e., end of phases 1 and 2).
What is the metabolic rationale for isoprene formation? With B. subtilis 6051, we have established an experimental system in which isoprene formation is linked to three distinct processes during growth on a glucose-tryptone medium: glucose catabolism, acetoin catabolism, and sporulation. Since the underlying metabolic activities during these phases are seemingly very different, it is not immediately clear how to explain these releases of isoprene, and much more work is needed to do so. One possible mechanism under investigation is that isoprene is a metabolic overflow metabolite released when flow of carbon to higher isoprenoids is restricted. In B. subtilis, the isoprenoid building blocks isopentenyl diphosphate and dimethylallyl diphosphate (DMAPP) are used primarily for synthesis of the side chain of menaquinone, a component of the electron transport chain, and undecaprenyl phosphate, the glycosyl carrier lipid for cell wall synthesis (2, 20) . Some DMAPP is also used for modifications of tRNA Tyr and tRNA Phe which contain 2-methylthio-N-6-isopentenyladenosine (19) . Production of all of these isoprenoids is required for aerobic cellular growth. It seems likely that in Bacillus isoprene is a product of the deoxyxylulose phosphate pathway of isoprenoid biosynthesis (3, 21) , arising from DMAPP as it does in plants (17) . If this is the case, isoprene formation could result from DMAPP "overflow" from isoprenoid pathways. In this model, more isopentenyl diphosphate and DMAPP are synthesized than are needed for higher isoprenoid production, and isoprene formation acts as a safety valve freeing up cellular pyrophosphate for use in other cellular processes. Since isoprene is so volatile, it is easily released from the cells. This model might explain (a) why isoprene is released when cells are rapidly metabolizing available carbon sources, such as seen in phases 1 and 2, where carbon is shunted to the deoxyxylulose pathway for the synthesis of essential isoprenoids, and (b) why isoprene production declines during transitions in carbon assimilation pathways, when less carbon is available for isoprenoid synthesis. Metabolic overflow and metabolite secretion are well-known phenomena during aerobic bacterial growth on carbohydrates (15) and during transitions from glycolysis to citric acid cycle metabolism (6) . For example, it has been found that when glucose is abundant in aerobic B. subtilis cultures, other components of the growth medium (i.e., phosphate and sulfate) may limit complete glucose oxidation, resulting in the excretion of metabolic intermediates such as acetate and pyruvate (15) .
Why would production of isoprene continue when cell growth ceases and spore formation is initiated (i.e., phase 3 isoprene formation)? It may be relevant that both menaquinone production and tRNA modifications are enhanced during sporulation (1, 5) . The overflow model would predict that during the onset of sporulation, carbon in excess of that needed for tRNA prenylation and menaquinone biosynthesis is shunted to the isoprenoid pathway, and this excess is released as isoprene.
This and other models for isoprene formation in B. subtilis will be more amenable to analysis when further information on the isoprene biosynthetic pathway is discovered. With genetic and molecular tools arising from the completion of the Bacillus genome project (11), it will be possible to relate isoprene formation during growth and sporulation to the expression of particular genes. With defined fermentation conditions, such as those described here, it will also be possible to relate iso -FIG. 3 . B. subtilis 6051 isoprene and normalized isoprene profiles. Data was taken from the experiment described in the legend to Fig. 1 , and total isoprene production in the exit gas was calculated as the summation of the average isoprene concentrations (nanomoles per liter of O 2 ) between successive time points with an oxygen flow rate of 1.5 liters min
Ϫ1
. Normalized isoprene formation on a cell basis was calculated by dividing the isoprene concentration by the cell density (OD 600 ). Since cell growth ceased and sporulation began at about 7.5 to 8 h, normalized isoprene was not calculated beyond this point of the experiment.
prene formation in particular mutants to the metabolic status of the cell.
